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ABSTRACT / 5-5- Yb 
Cavitation studies w i t h  l iquid nitrogen, and with water f o r  compar- 

ison, were conducted t o  determine the  minimum l o c a l  pressures a t  the  

threshold of v i s ib l e  incipient cavitation. Cavitation was induced i n  a 

transparent venturi  section t h a t  had a 1.377-in. throat  diameter and was 

mounted i n  a small close-return tunnel. A t  incipient  cavitation, mini- 

mum l oca l  pressures tha t  were considerably l e s s  than vapor pressure were 

always obtained with both l iquids;  t h i s  pressure difference is  cal led 

effect ive l i qu id  tension. 

as  high as  60 f t  of head a t  a stream veloci ty  of 55 f t /sec,  and those i n  

water rose to 24 f t  of head at 45 f t /sec.  

Such effective tensions i n  l i qu id  nitrogen ranged 

Temperatures and pressures 

measured within regions of well-developed cavi ta t ion were i n  thermodynamic 

equilibrium but were l e s s  than free-stream values of temperature and vapor 

pressure. I n  water, these e f fec ts  were small. In  nitrogen, temperature 

and vapor pressure depressions that  were as high as 3' F and 9 f t  of head, 

respectively, were ohsained. 

- - - _  
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INTRODUCTION 

Cavitation may be described as the loca l  vaporization of a l i q u i d  
r, 

b 

brought about by reductions i n  pressure due t o  changes i n  flow velocity,  

For the  most par t ,  cavi ta t ion is undesirable, 

the  point of destruction, 

t ion,  and generally degrades the flow pat tern,  It is generally assumed 

t h a t  cavi ta t ion w i l l  occur i f  the  loca l  minimum pressure within a flow- 

ing system is reduced t o  the  f l u i d  vapor pressure. Also, the  preserure 

within a cavity, o r  cavitated region, is usually thought t o  be at  the  

vapor pressure corresponding t o  stream l iqu id  temperature. These assump- 

t ions  a re  not always va l id  ( re fs .  1 t o  6 ) .  

evidence that  shows t o  what extent these assumptions may be inval id  ( f o r  a 

pa r t i cu la r  model) const i tutes  the  subject of t he  present paper, 

It i s  damaging, of ten t o  

It is  noisy, usually is  accompanied by vibra- 

I n  fact ,  recent experimental 

F i r s t ,  it i s  shown that  l iquids  can flow cavitation f r ee  through 

pressure regions t h a t  a re  s ignif icant ly  l e s s  than saturat ion vapor pressure 

WI L CapuIuug i o  free-stream l iqu id  temperature. 

l i q u i d  is loca l ly  i n  a thermodynamically metastable statdl of superheat, 

and as such, the  flowing l iqu id  can be expected t o  sus ta in  these unusually 

--_^I----.- 3 2  For t h i s  condition, t he  
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low pressures only for re la t ive ly  short periods of time. 

decrement of l oca l  pressure re la t ive  t o  stream vapor pressure tha t  

existed a t ,  or just  p r ior  to, incipient cavitation is  called, f o r  engi- 

neering purposes herein, effective l iquid tension, Effective tension 

may be viewed as a pressure difference tending t o  rupture, or cavitate,  

the l iquid.  

The maximum 

Second, from a brief study of the temperature and pressure effects  

of the phase change t h a t  occurs during cavitation, (so-called thermody- 

namic e f fec ts )  it is  shown t h a t  temperatures and pressures within a 

cavitated region can be appreciably l e s s  than free-stream values of t e m -  

perature and vapor pressure. 

factors  affecting pump performance and have been re la ted  t o  the different  

properties of the l iquids  being considered (refs .  4 t o  6) ,  

Such effects  appear t o  be s ignif icant  

The present study was conducted a t  the NASA Lewis Research Center 

where a small cavitation tunnel f a c i l i t y  with l iqu id  nitrogen as the test 

f lu id  was used. Water, studied previously i n  the  same fac i l i t y ,  i s  used 

as a reference l iqu id  for comparative purposes. 

aimed a t  obtaining a b e t t e r  understanding of cavitation phenomena and 

thereby establishing firmer design procedures f o r  high-performance l i gh t -  

weight pumps f o r  rockets and spacecraft. 

This investigation is 

APPARATUS AND PROCEDURE 

Cavitation was induced on the walls of a transparent venturi section 

mounted i n  the upper leg  of a small closed-return tunnel, 

nitrogen operation, the en t i r e  tunnel i s  submerged i n  a liquid-nitrogen 

bath, which ac ts  as a heat sink t o  remove heat imparted t o  the  tunnel 

For l iquid- 
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l iqu id  by the environment and by the circulat ing pump, A schematic draw-  

ing of the complete tunnel-bath arrangement is  presented i n  figure l. 

tunnel is  designed t o  accomodate 12-inS-long t e s t  sections w i t h  maximum 

i n l e t  diameters of 1,743 in.. The tunnel is  fabricated of aluminum 

(6061-T6) t o  ensure good heat t ransfer  between tunnel and bath l iquids,  

Liquid capacity of the  tunnel is about 10 ga l  (UOS2) .  

speed pump-drive system provides operational flow veloci t ies  from about 

17 t o  85 f t /sec a t  the test section in l e t .  

commercially available uni t  designed t o  handle cryogenic liquids. 

constant tunnel velocity, the extent of cavitation induced i n  the test  

section is  controlled by varying the gas pressure i n  the expansion chamber, 

The 

The 15-hp variable- 

The centrifugal pump i s  a 

For a 

The cryogenic bath surrounding the tunnel is  fabricated from 304 

s ta in less  s t e e l  and is externally insulated with 1/2-in.=thick composi- 

t i on  corkboard bonded d i rec t ly  t o  the metal. 

70-gal capacity. 

Lucite) are provided f o r  viewing, l ighting, and photographing. 

l i qu id  level ie controlled automatically, and boiling i n  the  bath may be 

temporarily suppressed by valving o f f  the vent l i n e ,  

does not b o i l  because it is  normally subcooled by pressurization with 

dry nitrogen o r  helium gas. 

i n  e i ther  the bath o r  the tunnel loop, 

The venturi test  section (fig: .  2 )  is  a machined Lucite tube mated 

The bath has about a 

Two side windows and one top window (all of 2-in.-thick 

Bath 

The tunnel l iqu id  

No f lexible  jo in ts  o r  bellows a re  employed 

t o  aluminum end flanges by means o f  shrink fits, 

diameter approach section (1,743 in. diam,), which is reduced t o  l r i n .  

diam, a t  the throat by means of a s l i gh t ly  modified quarter-round constric- 

t ion ,  

It consists of a constant 

3 

This quarter-round shape generates a w a l l  pressure dis t r ibut ion 
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w i t h  a deep but narrow minimum pressure val ley tha t  exposes the flowing 

t o  low pressures fo r  very short t imes,  The constant diameter throat  is 

followed by a shallow-angled diffuser t o  minimize flow separation, 

RESJT.ITS 

Noncavitating Pressure Distribution 

The noncavitating pressure distribution f o r  t he  venturi  is shown i n  

C f igure 3. 

as a function of the  a x i a l  distance from the minimum pressure point. 

is conventionally defined as the difference between the l o c a l  wall and 

free-stream static-pressure head (h, - ho) divided by the velocity head 

V32g. Free-stream conditions a re  measured i n  the approach section about 

1 in. upstream from the quarter round. The so l id  l i n e  ( f ig ,  3)  represents 

a computed ideal flow solution. The dashed l i n e  represents experimental 

data obtained with nitrogen and water in the  cavitation tunnel and from a 

scaled-up aerodynamic model studied i n  a large wind tunnel, The experi- 

mental results shown are all for  a Reynolds number of about 600,000. The 

data f o r  t he  various f lu ids  are i n  good agreement, especially in the  

c r i t i c a l  minimum pressure region. The experimental pressure d is t r ibu t ion  

shown here is  assumed t o  apply at incipient cavitation, o r  more exactly-, 

t o  the  single-phase l iqu id  condition jus t  p r ior  t o  the first vis ible  cavi- 

t a t  ion. 

The da-tja a r e  plot ted i n  terms of a pressure coefficient 
P 

cP 

For the present study, the  most important par t  of the pressure d i s t r i -  

bution curve i s  the  location and value of 

pressure 

expected t o  occur, 

Cp at the point of minimum 
- 

Cp,min, since it i s  a t  t h i s  point that cavitation can first be 

The minimum pressure point i s  located on the  quarter 



- 5 -  

round a t  66' of arc  measured from the approach section w a l l ,  and i ts  

location did not change over the  range of free-stream veloci t ies  studied. 

Observations of Cavitation 

A photograph showing typical  incipient cavitation i n  water is  pre- 

The start of the quarter round can be noted by the  sented i n  figure 4. 

dark ve r t i ca l  l i n e  and a burst  of  cavitation can be seen a short distance 

downstream from t h i s  point, Incipient cavitation bursts  form almost 

instantaneously and usually last but a f e w  milliseconds* 

be several  seconds of cavity-free flow before another burst occursI 

leading edge of the cavi t ies  was always located very near the point of 

minimum pressure, t ha t  is, the  66' point. 

the c w i t i e s  appear as  individual streamers (as shown) which form and 

collapse very rapidly. It is rare  that the  l i f e  of a single streamer 

w i l l  p e r s i s t  f o r  0,001 sec. 

There may then 

The 

For smaU extents of cavitation, 

Once cavitation occurs, a fur ther  reduction i n  free-stream pressure 

simply produces la rger  amounts of cavitation with the  individual streamers 

merging t o  form a th in  annulus of vapor cavi t ies  that have a well-defined 

leading edge. For t he  present venturi, cavitation is always confined t o  

a th in  ring adjacent t o  the  w a l l ,  since wall pressures a r e  lower than 

pressures fur ther  in to  the streamr With water, the t r a i l i n g  edge, o r  

collapsing region, of cavitation was ra ther  sharp and the condensing vapor 

bubbles did not pe r s i s t  long before complete collapse occurred. 

A photograph showing typical  l iquid nitrogen cavitation is presented 

i n  figure 5 ,  

s l igh t ly  i n  excess of the incipient leve l ,  

The nitrogen cavitation shown is f o r  a condition that is  

Even so, marked differences 
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between cavitation i n  nitrogen and tha t  i n  water a re  apparent. 

degrees of nitrogen cavitation studied, t he  process was much less violent  

than it w a s  f o r  water. In general, rates of cavity formation i n  nitrogen 

appeared t o  be much slower than those i n  water, whereas rates of collapse 

may be comparable f o r  similar ax ia l  pressure gradients, A t  the highest 

stream velocity studied,incipient cavitation i n  nitrogen tended t o  re- 

semble incipient cavitation i n  water, although f o r  nitrogen the a x i a l  

pressure gradients through the  venturi were much steeper. 

For a l l  

Effective Liquid Tension 
zzndt4 

The actual  technique used i n  evaluating effect ive liquidncan be 

more eas i ly  described with the aid of figure 6 which is a magnified p lo t  

of figure 3 showing only the low pressure region of the  pressure distri- 

bution curve, 

pressure level: and f o r  the range of speeds studied, it is essent ia l ly  

independent of Reynolds nuniber. By measuring free-stream pressure and 

is  independent of cP For a l l  noncavitating conditions, 

velocity, the minimum absolute pressure hmin on the  model may be com- 

puted f r o m  the known experimental value of C PI& ('p,min = Ckn - ho)/ 

V32g). 

obtained as follows: 

tunnel speed Vo, the.tunne1 pressure ho was slowly reduced u n t i l  

random bursts of incipient cavitation were observed on the model. 

condition, hot Vo, and l iquid temperature were measured. 

value of minimum pressure was then calculated and compared with the  vapor 

pressure corresponding t o  free-stream l iqu id  temperature t o  determine ef- 

fect ive l i qu id  tensions, i f  any. 

water a r e  shown i n  figure 7. 

Specifically, the value of hin a t  incipient cavitation was 

Starting from a noncavitating condition at  a fixed 

A t  t h i s  

The absolute 

The results obtained f o r  nitrogen and 



Effective l iquid tension, defined a s  the minimum pressure &in 

minus stream vapor pressure 

plot ted as  a function of free-stream velocity. The data show that 

appreciable effect ive tensions were always obtained i n  both l iqu id  

nitrogen and water, where the  values obtained i n  nitrogen were about 

twice those i n  water fo r  a given stream velocity, 

tension increase w i t h  increasing stream velocity, apparently because the 

time tha t  the l iquids  a re  exposedto low pressure decreases a s  stream 

velocity increases, The water data were obtained w i t h  demineralized, 

tap, and d i s t i l l e d  water over a range of a i r  content from 6.7 t o  

1 2 5  percent of saturation (a t  85' 'F and htmospher&cL,pressur$) Thus, 

the type of water or  i t s  a i r  content had no effect  on absolute values 

of minimum pressure existing a t  incipient conditions. 

effect ive tension values range from about 4 f t  of head a t  low speed t o  

about 24 f t  o r  11 p s i  a t  45 ft /sec,  I n  nitrogen, the effect ive l iqu id  

tension ranged t o  as much as 60 f t  of head, or  about 2 1  ps i ,  a t  a stream 

velocity of 55 f t /sec,  

%, i n  fee t  of l iquid,  is shown i n  figure 7 

Values of effect ive 

For water, 

Effects of Cavitation on Local Temperatures and Pressures 

Although l iqu id  temperatures a r e  uniform throughout the venturi  i n  

noncavitating flow, the effective tensions obtained a t  incipient cavitation 

( f i g ,  7 )  indicate tha t  the  f luid is  local ly  superheated and thus not i n  a 

s t a t e  of thermodynamic equilibrium. 

phase change occurs because the voids rapidly f i l l  w i t h  vapor, 

generation requires heat of vaporization, which must be drawn from the 

surrounding l iquid.  

When the f lu id  ruptures o r  cavitates,  a 

Vapor 

This should r e su l t  i n  a cooling of the vapor-liquid 
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interface and a red1 ztion i n  temp rature around and within the cavity, 

If conditions within the  cavity are i n  thermodynamic equilibrium, 

then a def in i te  pressure drop should accompany the drop i n  temperaturer 

From the standpoint of predicting pump performance f o r  different  

l iquids,  it is  t h i s  lowered pressure within the  cavitated region that 

is  of primary importance. I n  order t o  evaluate these temperature and 

pressure effects ,  a fixed amount of cavitation w a s  generated i n  nitrogen 

and water a f t e r  which the s tabi l ized temperatures and pressures within 

the cavitated region were measured. 

f igure 8, 

Typical results are shown i n  

The p lo t  i n  figure 8 shows typical  pressure variations within the  

cavitated nitrogen region as a function of ax ia l  distance, The amount 

of cavitation existing a t  the  time the  data were taken i s  sketched a t  the  

bottom of  the figure; well-developed cavitation existed fo r  about 2 in. 

a t  which point the collapse region began, 

open symbols represents measured pressures along the venturi, while the 

horizontal  l i n e  represents vapor pressure corresponding t o  free-stream 

temperature (140,0° R ) ,  

measured pressures a re  a l l  l e s s  than vapor pressure corresponding t o  

free-stream l iquid temperature, Also, the  start of the  collapse region 

of cavitation coincides closely w i t h  the point a t  which the  curve of 

measured pressures crosses the stream vapor pressure l i ne ,  Further 

&s%zstrenmj the pressures increase and approach the noncavitating values 

(except for head losses)  shown by the  dashed l i ne ,  

The so l id  curve through the 

I n  the cavitated region (first 2 in.), the 
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The so l id  symbols represent values of saturation vapor pressure, 

which correspond t o  the  measured temperatures shown i n  parentheses. 

These temperatures ranged from 138,6' '60 139,9' R e  The vapor 

pressures obtained from these tenperature measurements agree w i t h  the 

l o c a l  s t a t i c  pressures measured directly) thus, thermodynamic equi- 

librium appears t o  ex is t  within the cavity. The pressure within the  

cavity thus corresponds t o  the vapor pressure based on a loca l ly  re-  

duced o r  depressed temperature and not on free-stream temperature as 

might be assumed i f  thermodynamic effects  were not considered. Note 

tha t  fo r  nitrogen, a 1.4 

4 f t  drop i n  head of vapor pressure. The value of minimum pressure 

shown (40 f t  of l iqu id  nitrogen abs) i s  greater than that which 

existed at  incipient conditions (33 ft abs o r  ll f t  o r  effect ive l iqu id  

tension - see f ig .  7), A change from the  thermodynamically metastable 

s t a t e  of t he  l iqu id  at, o r  jus t  pr ior  to ,  incipient cavitation t o  one 

of thermodynamic equilibrium wi th  cavitation thus produces a discontinuity 

i n  the value of minimum pressure, 

0 temperature depression corresponds t o  a 

Temperature and head depression values were found t o  increase with 

both tunnel speed and extent of cavitation. A t  45 ft /sec,  the  t e m -  

perature depressions i n  nitrogen were about 3 

9 f t  of vapor-pressure head depression. 

the temperature and pressure effects  i n  water a t  mom temperature were quite 

small. Measured temperature depressions ranged f r o m  about 0.1 

Changes i n  vapor pressure due t o  these small temperature depressions are 

insignificant;  thus, pressures within the cavitated region i n  water 

0 F, which is equivalent t o  

I n  comparison t o  l iquid nitrogen, 

0 t o  0,3O F, 
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correspond essent ia l ly  t o  vapor pressure based on free-stream tem-  

perature. On a p lo t  such as  figure 8, the pressures i n  the cavitated 

region f o r  water would follow the free-stream vapor pressure l i n e  and 

then begin t o  r i s e  t o  the noncavitating values at  the  start of the 

collapse region. 

There a re  indications that with l iqu id  hydrogen, the temperature 

depression i n  a cavitated region may be as great as o r  greater than thoee 

measured i n  nitrogen; i n  t h i s  case the  depressed vapor pressure head 

becomes quite appreciable and may reach the order of 100 f t  of l iqu id  o r  

more. 

SUMMARY OF RESULTS 

Experimental studies of l iquid nitrogen and water cavitation i n  a 

tunnel-mounted venturi  yielded the following pr incipald3resul ts t  

1. For both l iquids,  l o c a l  minimum w a l l  pressures, which were sig- 

n i f ican t ly  less than vapor pressure corresponding t o  free-stream t e m -  

perature, were always obtained i n  t he  single-phase l iqu id  ( superhe~ted)  

a t ,  o r  jus t  p r io r  to ,  incipient cavitation, 

tensions i n  nitrogen ranged t o  as much as 60 f t  of head ( 2 1  p s i )  and 

those i n  water t o  24 f t  (11 p s i ) ,  

These effective l i qu id  

2. Within regions of well-developed cavitation, measured temperatures 

and pressures werein Q.ermodpamic equilibrium but were l e s s  than free- 

stream values of temperature and vapor pressure, 

and vapor pressure de;ressions n f  as much as 3( F and 9 f t  of head, re- 

spectively, were obtained. 

velocity and extent of cavitation, 

small I; 

I n  nitrogen, temperature 
0 

These e f fec ts  increased w i t h  increased stream 

In  water, these e f fec ts  were quite 
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Figure Legend 

Figure 1, - Cryogenic cavitation tunnel f a c i l i t y ,  

Figure 2. I Sketch of venturi t e s t  section. 

-4 
rl 
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Figure 3. - Noncavitating pressure head distribution. 

Figure 4. Typical incipient cavitation i n  waterr Free-btream velocity, 

28 f t / s e c j  temperature, 89’ F3 demineralized water 42 percent saturated 

with air. 

Figure 5. - Cavitation in llqvtd nitrogen. Free-stream velocity3 

27 ft /sec;  temperature, 140.4’ R. 

Figure 6. - Magnified plot  of low pressure region. 

Figure 7, - Effective l iquid tension f o r  nitrogen and water, 

Figure 8. - Head and temperature depressions within nitrogen cavity, 
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Figure 1. - Cryogenic cav i t a t ion  tunne l  f a c i l i t y .  
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Figure 2.  - Sketch of Venturi t e s t  sec t ion .  
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Figure 3 .  - Noncavitating pressure head d i s tr ibut ion .  
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Figure 4. - Typical inc ip ien t  c a v i t a t i o n  i n  water. 
Free-stream ve loc i ty ,  28 f t / s ec ;  temperature, 89' 
F; demineralized water 42% s a t u r a t e d  with a i r .  



Figure 5. - Cavitation i n  l i q u i d  ni t rogen.  
Free-stream veloci ty ,  27 f t / s e c ;  temper- 
a tu re ,  140.4' R. 
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Figure 6. - Magnified plot of l o w  pressure region. 
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